For systems in the universality class of the three-dimensional Ising model we compute the critical exponents in the local potential approximation (LPA), that is, in the framework of the Wegner-Houghton equation. We are mostly interested in antisymmetric corrections to scaling, which are relatively poorly studied. We find the exponent for the leading antisymmetric correction to scaling ω A ≈ 1.691 in the LPA. This high value implies that such corrections cannot explain asymmetries observed in some Monte Carlo simulations.
Introduction
This work is devoted to the study of corrections to scaling in the vicinity of the critical point: the endpoint of the line of first order phase transition.
There are many systems that have a critical point belonging to the universality class of the three-dimensional (3D) Ising model. In easy-axis magnetic materials that exhibit a phase transition between paramagnetic and ferromagnetic phases (these systems most directly correspond to the Ising model) the first order phase transition line is in the plane (T, h), where T is the temperature and h is external magnetic field. It is located at h = 0 and T < T c , and ends at the critical point (T = T c , h = 0).
The system liquid-gas has the line of first order transition, ending at the critical point, in the plane (temperature, pressure). This critical point has been very thoroughly studied. A comprehensive review, as well as additional references, can be found in [1] . Experimental data, theoretical considerations [2, 3] and Monte Carlo simulations of model systems [4] all indicate that it belongs to the 3D Ising model universality class.
The Standard Model of electroweak interactions was shown to have a similar phase transition line in the plane (higgs mass, temperature) [5, 6] . Monte Carlo simulations provide convincing evidence that the endpoint of this line belongs to the 3D Ising universality class [7] .
There are strong arguments in favor of a similar first order phase transition line in hot nuclear matter, described by quantum chromodynamics (QCD) at high temperature, in this case in the plane (chemical potential for baryons, temperature) [8, 9] . Its endpoint is conjectured to belong to the 3D Ising universality class [8] .
Monte Carlo simulations play an important role in elucidating the critical properties of these systems, especially of more complex ones, such as electroweak matter and nuclear matter at high temperature. These simulations normally have to be performed for systems of relatively small sizes, usually no larger than 64 3 [7] (and often considerably smaller), due to their high complexity and the corresponding high computational load. This means that the system is not very deep into the scaling region (roughly speaking, one cannot reach the correlation length ξ much larger than the system size L), and the interpretation of the Monte Carlo data requires proper account for corrections to scaling.
Here we come to the following interesting point. Unlike the Ising model, phase transitions in the liquid-gas system, as well as in electroweak and nuclear matter, do not have the exact global Z 2 symmetry that corresponds to changing the sign of magnetization in the Ising model, i. e. to simultaneous flipping of all spins. For example, in the Ising model (without external field) the probability distribution for the total magnetization of the system is always perfectly symmetric, despite corrections to scaling, while this is not necessarily so in above-mentioned models. The Z 2 symmetry is expected to be dynamically restored in the scaling limit [2] , but there can be, in addition to the usual corrections to scaling, which are even in the order parameter, also corrections that are odd.
Monte Carlo studies of critical points in such systems, which typically aim at obtaining the linear mapping of the vicinity of the critical point in the plane of parameters of the model onto the corresponding vicinity of the critical point of the 3D Ising model in the (T, h) plane, have to somehow resolve the issue of deviations from the Z 2 symmetry [4, 7] . Suffice it to say that such mapping requires determination of the magnetization-like (M-like) and energy-like (E-like) directions in the space of observables, which would be much easier in the presence of Z 2 symmetry: the requirement that the probability distribution of the M-like observable should be symmetric greatly aids the search for the corresponding direction in the space of observables [4] .
In practice, the data produced in Monte Carlo simulations demonstrate quite nonnegligible deviations from Z 2 symmetry, and an interesting question is whether these deviations can be attributed to antisymmetric, i. e. M-odd, corrections to scaling [7] . Such corrections have attracted much less attention in the literature than the usual (M-even) corrections; however, several studies in the framework of the ǫ-expansion [10, 2, 11] , as well as renormalization group [12] , have been published.
While the usual M-even corrections to scaling behave as L −ω , ω ≡ ∆/ν ≈ 0.8, L being the characteristic length in the system, the M-odd corrections to scaling are governed by their own exponent ω A (we prefer this notation [1] to traditional ω 5 ). The ǫ-expansion obtained in [11] reads
At ǫ = 1 this series behaves too poorly (1 + 1.83 − 2.11 + 6.64 . . .) to get conclusive results; Padé approximants produce the sequence 2.83, 1.85, 2.32 in orders ǫ, ǫ 2 , ǫ 3 , respectively, leading to the estimate ω A > ∼ 1.5 [11] . The renormalization group computation [12] gives ω A = 2.4(5).
These very high values of ω A imply that M-odd corrections to scaling, going as L −ω A , should decay much faster than the leading M-even corrections (L −ω ), and quickly become negligible when the scaling limit is approached. However, in the Monte Carlo study [7] the asymmetry of the probability distribution of the M-like observable at the critical point was found to decay much more slowly with the growing lattice size, more like L −0.5 . Before concluding that this observation requires explanation outside the scope of corrections to scaling, one has to be confident that there are indeed no M-odd corrections to scaling with small exponents (which could conceivably happen, for example, if existing computations of ω A somehow missed the leading M-odd correction and corresponded instead to a subleading correction). To gain such confidence, we have performed a computation of M-odd corrections in the framework of the local potential approximation (LPA), i. e. the Wegner-Houghton equation [13, 14, 15, 16] .
The WH equation satisfies our needs nicely, as it reproduces robustly all the relevant features of the theory. In this approximation the critical exponent η is zero.
Our study differs from the existing literature on the WH equation [13, 14, 17, 18, 19, 20] in several significant aspects: (1) we are not aware of any previous study of M-odd corrections to scaling in the framework of the WH equation, with the exception of unpublished work [21] ; (2) we do not rely on avoiding the singularity when solving the WH equation, and thus check whether the large-field domain plays an important role in fixing the values of the critical exponents.
Our main results are as follows. (1) We confirm the absence of M-odd corrections to scaling with small exponents. We get the exponent for the leading M-odd correction ω A ≈ 1.691, which is consistent with [21] . (2) The large-field domain is not important for fixing the critical exponents, at our level of accuracy.
We conclude that the asymmetry observed in [7] is not explainable by M-odd corrections to scaling.
The paper is organized as follows. In Sect. 2 we discuss the local potential approximation and the Wegner-Houghton equation. In Sect. 3 we describe our method of finding the fixed point and computing the critical exponents. Sect. 4 contains our numerical results and conclusions.
The Wegner-Houghton equation
In this section we remind the reader the structure and the meaning of the WH equation. Accurate derivation can be found in original papers [13, 14] and reviews [15, 16] .
The starting point is the description of the system in the vicinity of the critical point by the theory of the 1-component real scalar field φ with the bare potential V (φ):
We will be eventually interested in the three-dimensional case (d = 3). The effective potential U 0 (ϕ) in one-loop approximation reads
Let us modify the region of integration in the right hand side from all q below the cutoff Λ to q above certain momentum k and below Λ. This will produce the k-dependent analog of the effective potential, denoted by U k :
where we have denoted by K d the area of a d-dimensional unit sphere, divided by (2π)
, and replacing V (ϕ) in the right hand side with U k (ϕ) ("renormalization group improvement"), we obtain
This equation describes the evolution of the scale-dependent effective potential U k (ϕ) with the change of scale k. For the purposes of the study of the vicinity of the critical point, it is convenient to convert it to the form that includes rescaling of ϕ and U k . We introduce the dimensionless parameter t: k = Λe −t , and rescaled quantitiesŨ t and
, where d = 3 is the dimensionality of space, and d ϕ is the dimension of the field ϕ. In terms of t,Ũ t andφ t eq. (7) reads
Using the canonical dimension of ϕ: d ϕ = (d − 2)/2, dropping all the tildes and tsubscripts, and denoting derivatives over ϕ by primes,
As in this approximation Z is a constant that depends neither on ϕ nor on t, one can conveniently set Z = 1. Restricting to d = 3, we finally get
This is the form of the WH equation that we will use in the following. (One should keep in mind that is does not treat properly the additive constant, that is, the ϕ-independent part of U).
Fixed point and critical exponents
Equation (10) describes the evolution of the effective potential U(ϕ) with the change of scale. Let us denote its right hand side by F (ϕ). The fixed point is described by effective potential that does not evolve with t, that is, U * (ϕ) such that F (ϕ) = const. Usually one finds U * (ϕ) by numerically solving the differential equation F ′ (ϕ) = 0 and fixing the solution by requiring that it does not run into singularity at large ϕ [14, 19, 20, 15] . Analysis of the evolution over t of small deviations from U * (ϕ) produces the critical exponents. Our approach to computation of U * (ϕ) and critical exponents is as follows. We always approximate U(ϕ) (both U * (ϕ) and U * (ϕ) + perturbations) by polynomials up to a certain order n in ϕ:
To determine U * (ϕ), we search for parameters a 2 , a 4 , . . . a n of expansion (11) that minimize the deviation of F (ϕ) from constant on a reasonably chosen interval. That is, we minimize
At this stage the odd coefficients of expansion (11) are zero, and minimization involves n/2 even coefficients of (11), plus F 0 . The achievable proximity of F (ϕ) to constant is improving rapidly with the increasing order of the approximation (Fig. 1) . The next step is the study of deviations of U(ϕ) from U * (ϕ), and their evolution over t. As will be clear below, it is convenient to introduce a separate set of parameters, b i = b * i +δb i , i = 1 . . . n, to parameterize the deviation of U from U * (which corresponds to b * i ). Then the evolution of parameters follows from
We have to subtract F * ≡ F (b * i ) in the right hand side, to account for the approximate nature of our treatment of the fixed point. Thus
Here ∂U/∂b j and ∂F/∂b j are understood to be taken at the fixed point, b * i . Defining the scalar product
and introducing matrices
we obtain
Thus
where λ i and v i are, respectively, eigenvalues and eigenvectors of A −1 B. λ i are exactly the critical exponents we are interested in.
To simplify the computation and improve its numerical stability, we parameterize the deviation of U from U * so that A ij = δ ij , namely,
whereP j (ϕ) are Legendre polynomials P j normalized on [−ϕ max , ϕ max ]:
Then λ i are just the eigenvalues of the matrix B.
Results
The results for critical exponents are collected in Tables 1-3 . We use polynomial approximations of order 6 . . . 16, for three values of ϕ max : 0.5, 0.44 and 0.4. We observe that the higher eigenvalues are almost insensitive to the choice of ϕ max . This is fortunate, and provides additional evidence that the LPA captures correctly the important part of physics. The usual approach relies on avoiding the singularity at large ϕ [14, 19, 20, 15] , and one may wonder to what extent the results are determined by the asymptotical properties of the WH equation at large ϕ, rather than by properties at physically relevant range of ϕ (of order of the position of the minimum of U * ). Our values of the critical exponents in the even sector,
are in agreement with the most accurate of the previous computations [19] :
The most interesting part of our results is the set of critical exponents for the odd sector: y h = 2.5, y shift = 0.5, ω A ≈ 1.691, ω A2 ≈ 4.00.
The appearance of the somewhat unusual exponent y shift reflects the fact that, strictly speaking, in the case of asymmetric U(ϕ) the renormalization group transformation should include, in addition to blocking and rescaling of ϕ, also the shift of ϕ. As we did not take this into account, this additional exponent emerged. The value of ω A is consistent with [21] but has higher precision. We are not aware of any previous computation of ω A2 .
To summarize, we have computed the critical exponents, in ϕ-even as well as in ϕ-odd sectors, for the systems in the 3D Ising universality class, in the local potential approximation. We show that the previously known values of the critical exponents in the ϕ-even sector are reproduced, within our accuracy, even without relying upon avoiding the singularity in the Wegner-Houghton equation at ϕ → +∞. The absence of slowly-decaying ϕ-odd corrections to scaling implies that they are not responsible for asymmetries observed in Monte Carlo studies [7] .
I Table 1 : Critical exponents for ϕ max = 0.5. The quality of approximation is characterized by σ, according to (12) . Second column indicates the symmetry of the eigenvector (S = even, A = odd). Table 3 : Critical exponents for ϕ max = 0.4. 
